Background
[2] Measurements have established that although remote, the Arctic is a major receptor of pollution from lower latitudes [e.g., Barrie, 1986; Heintzenberg, 1989; Radke et al., 1984; Rahn, 1981; Shaw, 1985] . Reaching a maximum in the dark months of late winter, the pollutants tend to dissipate in spring. Accumulation during Arctic winter has been attributed to a combination of the unique meteorology leading to long range transport of polluted air masses from lower latitudes, combined with low removal rates from a lack of both photochemical processing and significant deposition processes [Pacyna, 1995; Polissar et al., 1998 Polissar et al., , 1999 Shaw, 1995; Sirois and Barrie, 1999; Xie et al., 1999] . In terms of aerosols, the most studied form of Arctic pollution is visibility degradation, referred to as Arctic Haze. These types of studies have shown that haze is most prevalent from about February to April and is composed largely of anthropogenic carbonaceous and sulfate components that likely originate from Eurasia and North America.
[3] Although not large enough to contribute to Arctic Haze, in situ sources of new particles within Arctic regions have also been investigated for some years. The process of homogeneous nucleation is of interest not only from a purely scientific basis, but the route in which low volatility gases undergo gas-to-particle conversion, homogeneous or heterogeneous nucleation, will influence the aerosol size distribution. Measurements suggest that under certain conditions new particles can be formed by homogeneous JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 108, NO. D4, 8357, doi:10.1029 /2002JD002239, 2003 Copyright 2003 by the American Geophysical Union. 0148-0227/03/2002JD002239 nucleation. Shaw [1989] reported episodically high condensation nuclei concentrations (10 4 to 10 5 cm
À3
) at a mountain site in Alaska when winds were of marine origin. Events were most frequent in the spring during intense sunlight, but before snowpack melt. Shaw speculated that these particles were from nucleation involving sulfuric acid and water, and not of anthropogenic origin. Brock et al. [1989] shows evidence for new particle production on the edge of haze layers observed during an August airborne study over Greenland and the North American Arctic.
[4] Extensive ship-based measurements of aerosol size distributions conducted in the late summer of 1991 at latitudes higher than 70°N as part of the International Arctic Ocean Expedition revealed evidence of nucleation. Periods of high sub-20 nm particle concentration were observed about 67% of the time and dominated the aerosol number distribution for about 10% of the time. This nanoparticle mode was thought to result from recent homogeneous nucleation . Statistical analysis of the data suggested that the particles were produced at higher altitudes and mixed downward to the surface, and that the open sea was a possible source for the nucleation precursor gases .
[5] Continuous 1-year measurements of aerosol size distributions at a ground-based site in the Finnish Arctic (67°46 0 N, 29°35 0 E) are reported by Pirjola et al. [1998] . This site experienced clean air of marine origin or polluted air from smelters to the East. Concentrations of particles greater than $15 nm ranged from about 100 cm À3 to 10,000 cm
, with highest concentrations associated with pollution episodes. Nucleation events were associated with marine air masses and with smelter pollution events. Model results suggest that the marine events were not well explained by a binary H 2 SO 4 -H 2 O nucleation model whereas nucleation associated with the pollution events did appear to be consistent with binary predictions.
[6] This paper reports on airborne measurements of condensation nuclei and 3 -4 nm particles made during the Tropospheric Ozone Production about the Spring Equinox (TOPSE) study. The primary objective of TOPSE was to investigate the spring-time tropospheric ozone maximum observed in mid-to high-latitudes over continental North America. Since the TOPSE instrumentation suite included measurements of sulfur dioxide (SO 2 ) and sulfuric acid (H 2 SO 4 ), species that have been linked to homogeneous nucleation [e.g., Weber et al., 1999b] , the experiment provided a unique opportunity to investigate mechanisms of possible in situ particle sources. Thus our objective was to characterize the extent of new particle formation in the Arctic over the TOPSE measurement domain, and to investigate the nucleation mechanism by linking aerosol and TOPSE gas phase measurements. More complete descriptions of the TOPSE objectives and findings related to the mission's main goals can be found in the TOPSE special issue (Atlas et al, personal communication, 2002) .
[7] TOPSE consisted of 7 deployments from January 20, 2000 to May 23, 2000. The dates and flight numbers for the various deployments are given in Table 1 . All deployments began from the National Center for Atmospheric Research (NCAR) Research Aviation Facility (RAF) near Denver Colorado. The C-130 research aircraft would fly to Winnipeg, Manitoba, Canada in route to bases of operations at Churchill, Manitoba and Thule, Greenland. Flight paths are shown in Figure 1 . Typically, 2 to 3 research flights were conducted from Churchill or Thule per deployment. By spacing the deployments over time, the mission could investigate changes in the composition of pertinent tropospheric species during the transition from complete darkness of Arctic winter to continuous sunlight of spring, following polar sunrise in early March.
Instrumentation
[8] As part of the TOPSE experiment, the instrumentation payload of the National Science Foundation's C-130 research aircraft included capabilities for measurements of SO 2 , H 2 SO 4 , 3 -4 nm particles, ultrafine condensation nuclei (UCN), and wing mounted optical probes measuring spectra of particles larger than roughly 0.2 mm diameter. These instrumentation are discussed briefly, however, the focus is on the 3-4 nm particle measurements since these particles are used as indicators of in situ particle production.
[9] Ultrafine condensation nuclei and 3 -4 nm particles were measured simultaneously with a modified ultrafine condensation particle counter (UCPC). The instrument is a commercial ultrafine condensation particle counter (TSI 3025, TSI Inc, St. Paul MN) in which the laser optics have been replaced by a white light system [Dick et al., 2000; Marti et al., 1996] to permit sizing nanoparticles by pulse height analysis (PHA) Weber et al., 1998c] . Condensation nuclei counters are based on exposing ambient particles to a supersaturated vapor, typically butanol, causing the particles to grow to sizes where they can be detected optically. In the ultrafine condensation particle counter, all particles larger than approximately 3 nm activate, grow, and are detected. Although, most particles grow to similar fine size, particles between roughly 3 and 10 nm diameter reach different final sizes that are related to their initial size . With an appropriate optical detector in the ultrafine condensation particle counter, the final drop size can be determined from photodetector pulse heights and, based on laboratory calibrations, related to the original particle size. Thus by simply counting all photodetector pulses, the concentration of all particles larger than 3 nm is determined, and by recording pulse heights, concentrations of sub-10 nm particles can also be measured simultaneously. The data acquisition system records total ultrafine particle concentrations (all particles larger than nominally 3 nm diameter) at 1 Hz, and nanoparticle concentrations (3-10 nm diameter) integrated over 60 s. [10] The pulse height data from the 3 -10 nm particles are further analyzed to determine the concentrations of nominally 3-4 nm particles. Measurements of these 3 -4 nm particles are used to investigate new particle formation. The assumption is that these particles are exclusively formed by homogeneous nucleation; a reasonable assumption if the measurements are not influenced by large sources of fresh combustion products that may produce primary nanoparticles. The technique has been used extensively in other studies to investigate new particle formation [Weber et al., 2001a [Weber et al., , 2001b [Weber et al., , 1995 [Weber et al., , 1998b [Weber et al., , 1999b . A limitation with this approach, however, is that newly formed particles have sizes near 1 to 1.5 nm and are significantly smaller than the instrument lower size detection limit of about 2.7 nm. This means that aged particles that have grown to roughly 3 nm are detected instead of those freshly formed. In regions of vigorous nucleation where condensable gas concentrations are high, growth will be fast and the 3 -4 nm particles detected will have formed recently. However, in more pristine regions where condensable gas concentrations are low, the nanoparticles can be well aged. This would confound interpretations on nucleation mechanisms based on 3-4 nm particle concentrations. This is, however, one of the best approaches currently available since the pulse height analysis technique permits measuring concentrations in a narrow size range near 3 nm. Other approaches, for example, measure concentrations of particles in the 3 -10 nm size-range; a measurement that by including larger sizes is influenced even more by aged particles.
[11] The pulse height ultrafine condensation particle counter was operated unattended throughout the TOPSE study. Any required maintenance and downloading of data was performed after each TOPSE deployment at the NCAR facilities in Colorado. Aerosol sampling was from a simple forward-facing inlet in which the flow was maintained at a constant value of 13.5 l min À1 via a critical orifice. This resulted in a velocity at the inlet tip of $115 m s
À1
. Since the inlet flow was not adjusted, and the aircraft speed typically ranged from 100 to 160 m s
, depending on altitude, sampling was only nominally isokinetic. From this inlet, the aerosol was transported by a 0.64 cm (1/4 inch) copper tube to the pulse height-UCPC detector. At the entrance to the detector, the sample flow was extracted from the centerline of the transport flow with a 0.32 cm (1/8 inch) diameter tube. The pulse height-UCPC detector flow system was modified to run off an external pump versus the smaller pump supplied with the commercial instrument (TSI 3025 UCPC, TSI Inc St Paul MN). This was done to minimize fluctuations in the flow due to pressure variations in the inlet. Because of the internal flow geometry of the UCPC, these fluctuations can severely degrade the instruments' performance.
[12] The NCAR C130 is equipped with a variety of aerosol detectors, including a condensation nuclei counter (TSI 3760, St Paul MN) operating within the aircraft cabin, and wing-mounted optical probes (PMS, Boulder CO). The condensation nuclei counter is of interest since it provided comparisons with our ultrafine particle counter (UCPC). The optical probe data provided concentrations of particles with diameters greater than roughly 0.2 mm.
[13] The RAF CN counter measured all particles larger than nominally 15 nm diameter and sampled from an actively controlled isokinetic inlet. The aerosol transport flow system had been modified in an attempt to exclude spurious particles formed by cloud droplets shattering on the inlet (A. Schanot, personal communication, 2001 ). This type of artifact is discussed in Weber et al. [1998a] and avoided in this study by removing all data collected during in-cloud sampling.
[14] Good agreement was found between the pulse height-UCPC and the NCAR condensation nuclei counter. In Figure 2 the instruments are compared for measurements made during deployment 4, for flights, 20, 21, and 22. These flights were chosen because there were few sub-10 nm particles detected, thus minimizing the difference in the lower size detection limits of the two instruments. The correlation (r 2 ) is 0.93 and the linear regression fit is 1 to 1 within a 95% confidence interval. This good agreement is consistent with intercomparisons of condensation nuclei counters deployed in the first Aerosol Characterization Experiment (ACE 1) where, for example, a similar pulse height UCPC and the same NCAR condensation nucleus counter had a r 2 of 0.86 [Weber et al., 1999a] . The ACE 1 intercomparison showed that airborne measurements of condensation nuclei are fairly insensitive to the specific aerosol sampling methodology employed, however this is not true for nanoparticles due to their high mobility resulting in significant transport losses. The approach of extracting a sample from the centerline of the transport flow near the UCPC is an attempt to minimize nanoparticle losses, however it is estimated that 3 -4 nm particles are undermeasured by at least 50%. Combined with our simplistic approach of determining 3 -4 nm particle concentrations from the measured pulse height distributions, reported 3 -4 nm particle concentrations should be viewed as only estimates of ambient concentrations, and thus as an indicator of possible recent production.
[15] Wing-mounted optical probes recorded aerosol size distributions. These included a Passive Cavity Aerosol Spectrometer Probe (PCASP), Forward Scattering Spectrometer Probe (FSSP) 100, and FSSP 300 (all from PMS, Boulder, Colorado). Combined, the instruments provide size distributions spanning particle diameters from roughly 0.2 mm to 50 mm. In this work we use measurements of large cloud liquid/ice concentrations inferred from the FSSP-100 (2 to 47 mm) to exclude in-cloud data. The PCASP measurement includes particles between approximately 0.2 and 3 mm diameter. Number concentrations or these accumulation mode (fine) aerosols are used as an indicator of haze particles, as done in other work [Dreiling and Friederich, 1997] . The data are also used to estimate the aerosol surface area. This approach, however, under-measures particle surface area concentrations since particles smaller than 0.2 mm can be a significant fraction of the total surface area. In addition, it is known that the PCASP heats, and thus dries the aerosol during measurement, also resulting in an under measured ambient surface area concentration. This is not corrected since in this analysis PCASP-derived surface areas are only used as a rough estimate of the actual aerosol surface area concentration.
[16] Other measurement techniques used in this analysis include H 2 SO 4 gas by chemical ionization mass spectrom- Figure 2 . Comparison of two independent instruments for measuring total particle concentrations from separate inlets on the NSF C-130 research aircraft. UCN are all particles larger than 3 nm, CN all particles larger than 15 nm. Sampling in the vicinity of airports is excluded. These flights were chosen for their low concentrations of 3 -10 nm particles, thereby minimizing instrument lower detection limit differences. Uncertainties in the linear curve fit coefficients are 95% confidence intervals. etry [Eisele, 1989; Eisele and Tanner, 1993] and SO 2 and fine sulfate aerosol (diameters less than 2.7 mm) captured into water by a mist chamber and measured via ion chromatography [Cofer et al., 1985; Scheuer et al., 2002] . Table 2 summarizes the various instruments operating principles and measurement size ranges, where applicable.
Observations and Discussion

Trends
[17] In the following analysis, trends in condensation nuclei and fine aerosol concentrations, and the possible nucleation precursor gases H 2 SO 4 , and its primary precursor SO 2 , are investigated. Comparisons between condensation nuclei and fine particles are of interest since their concentrations tend to be influenced by different processes. Condensation nuclei concentrations are affected largely by new particle production, whereas the fine aerosols tend to accumulate low volatility gaseous species and are also of interest since they contribute to Arctic haze. The data are reported per standard volume of air (e.g., 1 atmosphere and 0°C), with the exception of SO 2 and sulfate aerosol, which are reported as mixing ratios. Trends are analyzed by calculating median concentrations. Other statistical measures for central tendencies can be used, such as geometric or arithmetic means. Analysis of the various means has shown that in this case, the type of mean used does not greatly influence the conclusions. We have chosen to use the median since the distributions tends to be skewed to larger sizes, and the median is less sensitive than the mean to these points. The geometric mean cannot be applied for 3 -4 nm particle statistics since these concentrations are often zero. The spread in the distributions about the median is shown by the standard error, which is the standard deviation divided by the square root one-minus the number of data points. Standard deviations are not plotted since they tend to be large and would obscure the plots.
Latitudinal Variations
[18] Median latitudinal concentration variations of SO 2 , H 2 SO 4 , 3 -4 nm particles, ultrafine condensation nuclei, and fine particles, for data over the complete study, are shown in Figure 3 . Here all data are plotted from the NCAR operations base near Denver to the most northern latitudes investigated. Also plotted is the median aircraft altitude, indicting that most measurements were made in the 4 to 7 km altitude range. In this case, the lack of sufficient data at lower altitudes for some latitude ranges prohibits a more detailed analysis by segregating data into various altitude bins.
[19] As expected, many species show highest concentrations in the vicinity of the populated areas where the aircraft landed. Ignoring these localized emissions, for this broad range in latitudes, only fine aerosol number concentrations have any evidence of a latitude trend. This trend is not an artifact of converting concentrations to standard conditions combined with temperatures dropping with increasing latitude since conversion to standard pressure and ambient temperature does not change the trend. The higher concentrations at the more northern latitudes may be evidence of Arctic Haze.
[20] A feature in the latitude trends for SO 2 and 3 -4 nm particles is the variability caused by episodic encounters with high concentrations. This was recorded at mainly lower latitudes. For SO 2 , the largest episode encountered, labeled A in Figure 3 , was detected north of Churchill on Flight 16. This episode appears to be the only region in the Arctic, during TOPSE, where there was clear evidence of recent and significant rates of new particle formation detected away from the populated areas. The episode is investigated in more detail in a following section.
Temporal Changes During Winter -Spring Transition
[21] A unique feature of the TOPSE experiment was that it occurred over an extended period of time spanning the winter to spring transition, the period when the winter buildup of Arctic pollution begins to dissipate and photochemistry increases.
[22] Figure 4 shows the time-variation of SO 2 , H 2 SO 4 , 3-4 nm particles, ultrafine condensation nuclei, and fine aerosol concentrations for data binned into 3 altitude ranges. An attempt has been made to remove the local influences from the ''populated'' areas of Churchill and Thule. Only measurements at latitudes greater than 60°N are included since our interests are in nucleation at the higher latitudes. This also tends to remove most of the influence from Churchill, and based on Figure 3 , covers the latitudinal range where aerosol concentrations tend to be most similar. Median concentrations are calculated for a given altitude range for data collected during each of the seven deployments (see Table 1 ). Because of aircraft electrical problems that resulted in the sacrifice of our unmanned instrument, there is little ultrafine condensation nuclei data for the first two deployments and averages were not calculated for that period.
[23] Temporal SO 2 trends, shown in Figure 4a , are dominated by the large SO 2 peak observed during Flight 16 as part of the third deployment in March. This peak corresponds to the event identified as A in Figure 3 . Aside from this aberrant event, SO 2 concentrations at all altitudes follow a similar trend. High during the first deployment in the beginning of February, dropping during the next deployment, than increasing to maximum values in late March and then a fairly consistent decrease to the end of the study. Through March and April, SO 2 concentrations were significantly higher at the surface compared to higher altitudes. Note that the aberrant SO 2 events, however, were observed in the 2 -5 km altitude range.
[24] H 2 SO 4 concentrations were most often highest in the 0-2 km altitude range, except for the measurements associated with the SO 2 event (2-5 km peak at the beginning of March). The data suggest a consistent increase in surfacelevel H 2 SO 4 concentrations throughout the study until the last deployment, at which point the concentration falls off.
[25] 3 -4 nm particle concentrations tend to fluctuate a great deal and are generally very low showing no trend. Unlike all other species, ultrafine condensation nuclei concentrations were generally lowest at the lower altitudes. There may be evidence for a slight increase in ultrafine condensation nuclei concentrations with time for all altitudes, (Figure 4d ), but clearly it is not dramatic. The ultrafine condensation nuclei, and especially the 3 -4 nm particle, variability appear to be driven in large part by encounters with episodic events. Note that the anomalous SO 2 event is not seen in the 3-4 nm particle data because, Figure 3 . Median aircraft altitude, SO 2 , H 2 SO 4 , 3-4 nm particles, UCN, and fine particles averaged over 1-degree latitude steps. All concentration data, except for SO 2 , are at 1 atmosphere and 0°C. ''Error bars'' are the standard error of the distribution and are shown to indicate the range in the data. They are not a measurement uncertainty. as shown later, the effect on nanoparticles was spatially limited and is washed out by the averaging.
[26] Number concentrations of fine particles (0.2 to 3 mm), shown in Figure 4e , have a very different trend than the ultrafine condensation nuclei. Fine particle concentrations are often higher at lower altitudes and clearly increase from February to May. During this time the concentrations increased by about a factor of 5. Previous Arctic studies have shown that there is often little correlation between fine-mode haze particles and condensation nuclei [Dreiling and Friederich, 1997] since the haze layers tend to be dominated by particles larger than 0.1 mm and condensation nuclei is comprised mainly of smaller particles. Highest fine (haze) particle concentrations at the surface are consistent with reports from earlier studies. There is also evidence of a ripple in the lowest altitude trends in late March and early April, the time when SO 2 also peaked (apart from the anomalous event).
[27] For comparison to the fine aerosol number concentration, fine sulfate aerosol temporal trends are shown in Figure 4f . Fine sulfate aerosol trends generally agree with the fine aerosol number concentrations; highest at the surface and increasing with time. However, sulfate concentrations appear to begin to drop by the end of April. This difference may be due to difference in the two measurements; one is a number concentration and the other a mass concentration measurement. Thus the fine aerosol measurements are dominated by the smaller size particles, ($0.2 mm diameter), whereas the mass measurement are more likely dominated by larger particles (near 1 mm diameter).
[28] A much more detailed analysis of the TOPSE sulfate data is given by Scheuer et al. [2002] . In that study, sulfate trends based on data averaged over all latitudes greater than 50°N (i.e., extending to lower latitudes than shown here), indicate a clear decrease in sulfate concentrations beginning in early April. The differences between the two results suggest that the dissipation in pollution progresses northward as the year advances.
[29] The temporal data observed over this time and latitude range reflect changes in various processes, including the combined effects of decreasing advection of pollution from lower latitudes with time, and increasing photochemical processing, either in situ or during transport from lower latitudes. There may be some consistency between the temporal trends in SO 2 , H 2 SO 4 , fine aerosol number, and sulfate aerosol concentration data. For example, increased conversion of SO 2 to sulfate, possibly due to increased actinic fluxes, following polar sunrise in early March, and/or greater heterogeneous conversion within clouds, may contribute to the drop in SO 2 , and increase in H 2 SO 4 , fine aerosol sulfate, and increase in numbers of fine particles. The latter due to growth of smaller particles into the measurement size range (0.2 mm to 3 mm) from heterogeneous condensation.
[30] With regards to our interest into new particle production in this region, the observed increasing trend in surface-level H 2 SO 4 and fine aerosols, and a lack of similar trends in ultrafine condensation nuclei and 3 -4 nm particle concentrations suggest that there is a general lack of significant rates of new particle formation in this region. This is despite possible evidence for increased gas-toparticle conversion during this time. No evidence for a consistent and significant source of new particles following polar sunrise is observed.
Prevalence of 3 -4 nm Particles at Low Concentrations
[31] Trends in 3 -4 nm particle distributions indicated that low concentrations of these particles were often detected in the Arctic regions investigated during this study (Figures 3  and 4 ). As a single particle counter, the pulse height-UCPC can detect zero 3 -4 nm particle concentrations, and in many of our other studies these concentrations are often zero. However in TOPSE, calculated 3 -4 nm particle frequency distributions for latitudes greater than 60°N show that nonzero concentrations of nanoparticles were observed approximately 75% of the time, concentrations greater than 1 cm À3 , 25% of the time, and greater than 10 cm
À3
, only $2% of the time. (This excludes measurements in the vicinity of the populated regions of Churchill and Thule). Compared to other studies, this is a higher frequency than what was observed in the remote tropics [Weber et al., 2001b] but less than at a clean continental site [Weber et al., 1997] . However, the observation of non-zero 3 -4 nm particle concentrations 75% of the time is interesting given that so few clear episodes of new particle formation were detected during the study.
[32] Our interest is whether these particles are aged or recently formed in situ. The uniformity of the latitudinal and temporal trend data suggest aged particles. As done in other studies to assess 3 -4 nm particle age [Weber et al., 2001b [Weber et al., , 1997 , the characteristic lifetime (e-folding time) of a 3-nm particle via loss through scavenging onto the preexisting particles is estimated based on the aerosol surface area concentration. In this case the analysis is handicapped by uncertainties in the aerosol surface area. Based on PCASP size distributions (0.2 < Dp < 3 mm), surface areas were typically near 10 mm 2 cm À3 (mean of 9 and median of 6 mm 2 cm
). At these surface area concentrations, the characteristic life times of a 3 -4 nm particle is of the order of 20 hrs in the presence of surface areas of 5 mm 2 cm
, and 10 hrs when surface areas are 10 mm 2 cm
. The observed 3 -4 nm particle concentrations, following decay due to scavenging, depends on the particle history, especially their initial concentrations and the particle surface area concentrations exposed prior to detection. Given that in general, loss mechanisms in the Arctic during the winter and early spring are slow, a factor accounting for the build up of Arctic haze, the prevalence of low 3 -4 nm particle concentrations may also result from a similar lack of strong sinks. In this case the particles would most likely have been formed at lower latitudes closer to their precursor sources.
[33] Alternatively, low levels of 3 -4 nm particles could be from a low, fairly wide spread, particle production rate. A previous study in a remote marine region, however, showed no evidence for a low particle production rate [Weber et al., 2001b] . The fact that in situ particle production, or the lack there of, cannot be clearly identified is due to the lower size detection limitations with current aerosol instrumentation. However, from the TOPSE 3 -4 nm particle data, we can conclude that evidence for large in situ particle production events were rarely observed. The one exception to this is an episode associated with the highest SO 2 concentrations of the study.
A 3 -4 nm Particle Episode Associated With Enhanced SO 2 Concentrations
[34] Although rare, a unique region of high 3 -4 nm particle concentrations associated with expected nucleation precursor gases was detected during the study. Encountered on a round-trip flight based out of Churchill (Deployment 3, Flight 16, Julian day 67), and identified in Figure 1 and Figure 3 by A, this event was associated with a region of highest SO 2 concentrations measured in the Arctic during TOPSE.
[35] The flight involved an elongated loop with the first leg heading northeast roughly along the coast of Hudson Bay. A sharp turn to the South East was made near Repulse Bay and then a southwest turn leading to a straight flight path skirting the south edge of Southampton Island and Figure 1 . In the first part of the return leg, shortly after the turn back toward Churchill, the aircraft decreased altitude in a stair step pattern, shown in Figure 5 . Unusually high SO 2 concentrations were detected over one horizontal step, covering a region approximately 240 km long. In this region the wind was almost directly from the West (260°-270°from N) at a speed of about 20 m s
À1
. The vertical profile of this SO 2 plume and associated species is shown in Figure 6 .
[36] The temperature and relative humidity (RH) profiles in Figure 6 show a surface layer extending up to approximately 2 km altitude, and then consistently very dry at all altitudes above. This surface layer contained the highest fine (haze) aerosol concentrations in this region, in addition to highest fine sulfate (not plotted). The SO 2 vertical profile shows that greatly enhanced concentrations were found above the surface layer, between approximately 3 to 5-km altitude with a peak between 4 and 5 km. H 2 SO 4 concentrations were also higher in the 3 to 5-km region, consistent with expectations of H 2 SO 4 production from SO 2 . Although ultrafine condensation nuclei concentrations were also high, 3 -4 nm particles were only detected in a narrow altitude range at approximately 4.2 km. This narrow band is within the region of highest SO 2 and H 2 SO 4 . Assuming the conditions under which nucleation occurred were somewhat similar to those observed in the 3-4 nm particle region, especially for the longer lived species like SO 2 , the correlation of 3 -4 nm particles with SO 2 and H 2 SO 4 suggests the latter was a nucleation precursor. However, at a lower altitude of 2.8 km, similar H 2 SO 4 concentrations were measured, but in this case 3 -4 nm particle concentrations were near zero. Classical nucleation theory predicts that nucleation rates depend on the degree of vapor saturation [e.g., Wilemski, 1984] . A measure of H 2 SO 4 vapor saturation is the sulfuric relative acidity (RA). RA is calculated from the measured H 2 SO 4 concentration, (this includes all monoacid hydrates), divided by the saturation concentration of pure acid over a flat surface, given as the partial pressure in atmospheres ( p) by Ayers et al. [1980] as
where T is the absolute temperature. The vertical variation of RA, shown in Figure 5 , indicates that highest sulfuric RA is associated with the region of 3 -4 nm particles.
[37] The band of 3 -4 nm particles may have resulted from nucleation in a very narrow region in the plume, possibly near the plume upper edge. Lack of 3 -4 nm particles within other regions of the plume, yet elevated ultrafine condensation nuclei, may indicate that in these regions the aerosol was more aged. Nucleation may have occurred at a greater time prior and the newly formed particles grew past the 3 -4 nm range resulting in low 3 -4 nm and high ultrafine condensation nuclei concentrations.
[38] Although nucleation appears to have involved H 2 SO 4 , the actual mechanism is unclear, in part due to uncertainties as to whether nucleation had recently occurred or we were only detecting the remnants of an event that had occurred under different conditions (e.g., higher H 2 SO 4 concentrations). The odd feature of this event is that it occurred under an extremely low RH of about 5%. There is a positive, highly non-linear relation between RH and predicted nucleation rates for binary H 2 SO 4 -H 2 O nucleation. Experimental results of Ball et al. [1999] show that at these relative humidities, RAs on the order of 0.3 are necessary for the onset of nucleation (rate of 1 particle cm À3 s
), much higher than the measured RA of 0.026 in the 3 -4 nm particle zone. Note that these experiments were preformed at temperatures of 22°C. Ambient temperatures in this case were À30°C. Although binary theory suggests that nucleation rates as a function of relative humidity and acidity are fairly insensitive to temperature as RH becomes low Wilemski, 1984] , the lack of experimental or model data at such low temperatures adds Figure 5 . Stair-step flight pattern in region of SO 2 plume. The region of high 3-4 nm particle concentrations is identified. Figure 6 . Vertical profiles of various species measured in the vicinity of the SO 2 plume recorded during the stair-step flight path shown in Figure 5 . Note the presence of high fine particle concentrations in the surface layer indicative of haze. The SO 2 plume was situated above this layer and contained high H 2 SO 4 and UCN concentrations but low fine aerosols suggesting most gas-to-particle conversion in this case was due to new particle formation. However, evidence for recent new particle formation, based on 3 -4 nm particle concentrations, was only detected at the top of the layer. TOP 5 -10 considerable uncertainty to this comparison. It is possible that the H 2 SO 4 , and thus RA, were much higher when these 3 -4 nm particle were formed.
[39] Other nucleation mechanisms are possible, but not explored due to lack of data on possible precursor gases. Additional processes or nucleation precursors not measured, but uniquely present in this case may have played a role since RAs of even higher values than those recorded in this case were observed at higher altitudes (colder temperatures) during TOPSE, but lacked any evidence for particle formation.
[40] The source of the SO 2 in this unique event has not been determined. Ten-day back trajectories suggest that the atmosphere was vertically stratified in this region since trajectories at slightly differing altitudes tended not to diverge or cross during a 10-day period. The back trajectories also suggest the air had been caught up in the polar vortex circling the pole and approaching the measurement region from over western Canada. Gaseous hydrocarbon tracers for anthropogenic sources, such as propane (C 3 H 8 ) and pentane (C 5 H 12 ), were not higher in the plume. Nor was O 3 , CO, or NOy. Thus the plume does not appear to be anthropogenic in origin. Dimethyl sulfide (DMS) concentrations were below the detection limit of 1 pptv [Simpson et al., 2001] for this flight suggesting that oceanic SO 2 sources are unlikely. The exact source is unknown.
[41] An interesting feature of this event is that it places in perspective what conditions are required for nucleation in the TOPSE measurement domain (at least at higher altitudes where relative humidity is low). Since nucleation may have occurred sometime prior to the observations, and because SO 2 concentrations tend to vary less in time than H 2 SO 4 , the concentrations of SO 2 associated with this event may be more indicative of conditions necessary for nucleation in this region. Because this event was brought about by such a large SO 2 perturbation from typical conditions, it supports our view that during TOPSE there was very little in situ particle production via large events.
[42] Finally, it should be pointed out that previous work has shown that nucleation in the free troposphere is often associated with regions of cloud venting [e.g., Perry and Hobbs, 1994] . In this study the near cloud fields were not systematically investigated and the role of particle formation associated with Arctic clouds is not investigated here.
Conclusions
[43] Latitudinal and temporal trends in SO 2 , H 2 SO 2 , ultrafine condensation nuclei (UNC), 3 -4 nm particles, and fine particles are investigated for latitudes greater than 60°N. Although concentrations are enhanced in the vicinity of populated areas, generally little evidence for uniform changes in concentration were observed for latitudes between 60 and 85°N, except possibly for fine particles (0.2 to 3 mm diameter). These particles can produce the socalled Arctic Haze, and appear to increase with latitude. Temporal trends investigated at three different altitudes, (0 to 2, 2 to 5, 5 to 8 km) from February to May showed that with the exception of the 3 -4 nm particles and ultrafine condensation nuclei, all species concentrations were highest near the surface. SO 2 tended to increase till the end of March and then decline. H 2 SO 4 near the surface tended to increase to the end of April, and then dropped off. Fine sulfate aerosol followed a similar trend as H 2 SO 4 at all altitudes. Fine particle number concentrations steadily increased throughout the TOPSE experiment. These observations are consistent with increasing photochemical production of H 2 SO 4 and fine particle numbers and mass, and a lack of increasing in situ new particle production as the Arctic spring progressed.
[44] Throughout the study, in all latitude ranges, plumes of various species were frequently intercepted. This included haze layers and also regions of high SO 2 , H 2 SO 4 , and ultrafine condensation nuclei not associated with haze (fine particles). Evidence for significant new particle formation by homogeneous nucleation during the TOPSE study was only detected in the upper edges of a plume consisting of unusually high SO 2 concentrations. Peak SO 2 concentrations were 3.46 ppbv, two orders of magnitude higher than those typically recorded during the study. Because nucleation was only detected in this singular event, it suggests that conditions encountered during the TOPSE experiment were generally not conducive to new particle formation, and that most photochemically produced gaseous species participating in gas-to-particle conversion following polar sunrise were absorbed by the preexisting aerosol. Because current aerosol instruments cannot detected freshly formed particles, and particle growth processes in the Arctic tend to be slow, an in situ low production rate of new particles during the TOPSE experiment cannot be ruled out.
